The expansion of industrial agriculture (oil palm) has significantly reduced lowland tropical diversity 25 through direct loss or alteration of habitat, leading to habitat fragmentation and edge effects. Edge 26 effects can have serious impacts on species diversity and community dynamics. To assess the effect of 27 oil palm plantation edges on anuran communities in Sabah, Malaysian Borneo, we surveyed anuran 28 species and measured structural habitat and landscape parameters at 74 sites spread across forest and 29 plantation habitats along the Kinabatangan River. We then evaluated how anuran species richness and 30 assemblage composition varied in relation to these environmental parameters. Relative species 31 richness was higher at forest sites, compared to oil palm plantation sites. Plantation sites were 32 dominated by wide-ranging terrestrial species, and assemblage composition varied mostly in relation 33 to standing surface water. Forest habitats supported both more endemic and arboreal species. 34
Introduction 44
Conversion of tropical forests to intensive plantation forestry or agriculture has negative impacts on 45 biodiversity, and oil palm plantations are no exception (Fitzherbert 2007 (Fitzherbert , 2008 effects is important for the conservation of biodiversity in remnant forest patches that have high 77 conservation value, many of which occur in highly fragmented landscapes. 78
6
Transects were placed at varying distances from 100-500 m from the Kinabatangan River. All 150 transects were a minimum distance of 500 m from each other. Within each habitat type (forest or 151 plantation), transects were placed either approximately 20 m from the forest/plantation edge, or 152 between 100 and 500 m from this edge. Where possible, transects ran parallel to the habitat edge 153 irrespective of their distance from the edge. Distances to forest/plantation edges were measured using 154 a GPS. We therefore recorded two local-landscape parameters at each transect for inclusion in our 155 analyses: straight line distance to the Kinabatangan River and the straight line distance to the nearest 156 forest/oil palm plantation edge. 157
Habitat Parameters 158
We measured 12 structural habitat parameters considered potentially influential on tropical anuran 159 diversity as evidenced in previous studies (see Gardner of interception with each transect. Canopy density along each transect was measured by taking a 171 digital photo of the canopy from 1.5 m height (using a Nikon Coolpix P100 digital camera, Kaiser 172 RA1, Kaiser, Germany) at every 20 m interval. Saved images (3648 x 2736 pixels) were analyzed 173 using IMAGEJ software (National Institute of Health, USA). In order to reduce unevenness in picture 174 tone before manual thresholding, all images were converted to an 8-bit grey scale. Thresholding then 175 allowed the conversion of pixels with a grey scale lower than the threshold to black (representing the 176 canopy) and those pixels with a grey scale higher than the threshold were converted to white 177 (representing the sky). The canopy density, or number of dark pixels measured by IMAGEJ, was then 178 converted into a percentage against the total number of pixels in each image. Mean canopy density 179 and variance in canopy density per transect was also calculated. Understory vegetation density was 180 estimated at 1.5 m height at 20 m intervals along each transect, using a 2 m graduated pole with 50 181 black bands. In alternate directions, the pole was held horizontally above the ground at a 5 m distance 182 perpendicular to each transect; the number of black bands not obscured by vegetation was recorded by 183 a second observer on the transect. The gradient was also measured in this manner using a clinometer. 
Species Composition 211
All statistical analyses were implemented using R statistical software version 3.0.2. Patterns of 212 variation in anuran community composition across forest and plantation habitats were explored using 213 non-metric multidimensional scaling (NMDS) ordination, with Jaccard's distance measure for binary 214 (presence/absence) data and the subsequent dissimilarity matrix of pairwise dissimilarities between 215 sampling sites (Oksanen, 2013). Twenty random starting configurations were used and the final 216 configuration had the lowest residual stress. In order to reduce residual stress, we used a three 217 dimensional NMDS plot, and residual stress of the final ordination plot was 0.106. 218
We used the function 'envfit' in the R package vegan (Oksanen, 2013) to overlay environmental 219 parameters (P > 0.05) onto the NMDS plots, without disrupting the original ordinations. Overlaying 220 environmental parameters onto NMDS ordinations using envfit generates correlation coefficients 221 (represented as linear vectors on the ordination plots), R 2 values and significance values based on the 222 probability that 999 random permutations of environmental parameters would give a better fit than the 223 true environmental parameters. We overlaid 12 structural habitat parameters and two local-landscape 224 parameters (distance from edge and distance to river) onto the NMDS ordination. Distance to edge 225 was calculated as the straight line distance into forest from the habitat edge, hence sites inside 226 plantations were assigned negative values in the ordination. The presence/absence of streams within 227 the transect survey area was treated as a categorical variable (i.e., centroids), whilst all other 228 parameters were continuous (i.e., linear vectors). 229
Species Richness 230
Generalized additive models (GAMs) (Wood, 2006) were used to examine the effect of environmental 231 parameters on anuran richness. GAMs use non-linear smooth terms to describe the relationship 232 between the dependent variable and each predictor variable, whereby the fitted algorithm selects an 233 optimal level of complexity for each non-linear (smooth) term. Each smooth term is described by the 234 effective degrees of freedom (edf), and if edf = 1, this corresponds to a linear relationship between the 235 dependent variable (i.e., anuran richness) and the predictor variable (Wood, 2006). We fitted GAMs 236 using the R package mgcv (Wood, 2011). Pairwise Spearman's correlation analysis of environmental 237 parameters revealed that many were collinear (see Dormann et al., 2013). For those variable pairs 238 with coefficients > (±) 0.6, one variable was selected that was thought to have the greatest potential 239 influence on anuran species richness, and the others were subsequently excluded from the analyses. 240
The resultant set of seven parameters was included in the GAMs, which comprised the two local-241 landscape parameters: distance to edge and distance to river; and five structural habitat parameters: 242 canopy density, understory density, litter cover, gradient and surface water. 243
We used backward stepwise selection to determine the most important predictors in our GAMs on 244 anuran richness in all habitats, forest habitats and plantation habitats. We started with a global model 245 where all predictor variables were fitted with a smooth term. Predictor variables with an edf = 1 were 246 simplified to linear terms within the model. The least significant predictor variables within each GAM 247 were successively dropped until the AIC (Akaike's Information Criterion) of the model no longer 248
improved. This resulted in a final model which included the most important structural habitat and 249 local-landscape effects on species richness. The partial effects of each significant predictor variable 250 were plotted to examine the shape of the response curve. 251
Results

252
Twenty seven anuran species from five families were detected (Table 1) . Of these, 25 species were 253 recorded at forest sites, eight of which were not found at plantation sites. Seventeen species were found 254 at plantation sites, two of which were not found at forest sites. Of the 11 Bornean-endemic species 255 detected, five were restricted to forest sites. One endemic species, Rhacophorus harrissoni, was 256 detected on a single occasion in a plantation site near the forest edge (Table 1) . Relative species richness 257 (i.e., the number of species found at each site) was higher at forest sites (mean = 10.82 (SE ± 0.36) 258 species per transect), compared to oil palm plantation sites (mean = 7.26 (SE ± 0.35) species per 259 transect). Forest habitats also supported more endemic species, averaging 3.59 (SE ± 0.03) species per 260 transect, compared to only 0.63 (SE ± 0.03) per plantation transect. 261
Anuran assemblage composition 262
Forest sites were strongly differentiated from plantation sites by most of the structural habitat 263 parameters that we measured ( Fig. 2; Appendix 1) . Differences between forest and plantation sites 264 were most strongly explained by tree circumference, litter cover, tree density and log density. Forest 265 sites were characterised by high litter cover, understorey vegetation density, tree density, log density 266 and canopy cover, all of which had relatively low values at plantation sites. Plantation sites were also 267 characterised by highly variable canopy cover, high tree circumference, and greater extent of standing 268 surface water (Fig. 2c) . 269
Anuran species varied markedly in their level of affinity with either forest or plantation habitats (Fig.  270 2b & c). Species strongly associated with forest sites comprised a range of both arboreal (e.g., 271
Metaphrynella sundana and Polypedates colletti) and terrestrial species (e.g., Microhyla perpava and 272
Ingerophrynus divergens), whereas species strongly associated with plantations were mostly 273 terrestrial, such as Hylarana erythraea, Fejervarya cancrivora, and F. limnocharis ( Fig. 2a and b ; 274 Table 1 ). Six species showed no strong associations with either forest or plantation sites: H. 275
glandulosa, H. nicobariensis, H. meganesa, Kaloula baleata, Limnonectes paramacrodon and 276
Polypedates macrotis. 277
Forest sites varied with respect to distance from forest edge, variance in canopy cover, tree density, 278 log density and canopy density (Appendices 2 & 3). Log and canopy densities tended to be higher at 279 sites further from forest edges, whereas variability in canopy density was higher at sites near forest 280 edges (Appendix 3). The lack of clustering of anuran species in the centre of the NMDS plot 281 (Appendix 3) suggests that the occurrence of most species was influenced by these parameters. 282
However, the greatest variability on anuran assemblage composition was in relation to canopy density Anuran assemblage composition varied mostly in relation to availability of standing surface water 291
(Appendix 5). Proximity to forest edge was marginally insignificant (Appendix 4). 292
Species Richness 293
Across plantation and forest habitats, the best supported GAM for the influence of environmental 294 parameters on anuran richness included canopy density and distance to edge (Table 2 ). Canopy 295 density had a linear negative relationship with anuran richness (Fig. 3a) , whilst the relationship 296 between distance to edge and species richness was non-linear, and complex (Fig. 3b) . Overall, species 297 richness was lower at plantation sites compared to forest sites. In plantations, species richness tended 298 to increase somewhat as distance from the forest/plantation edge increased, but there was a much 299 higher increase in species richness with proximity to the forest/plantation edge. Species richness 300 continued to rise at forest sites with increased distance from plantations (Fig. 3b) . to 1 km from forest edges in Neotropical landscapes adjacent to agricultural matrices of pasture, 326 secondary regrowth and plantations (including palm groves, cocoa plantations and Eucalyptus 327 plantation forests). Similarly, in a recent global study examining the impact of edge effects on 328 amphibians, forest-core habitats supported more amphibian species than forest-edge, matrix-core and 329 matrix-edge habitats (Pfeifer et al., 2017) . Collectively these findings suggest that tropical anuran 330 communities are sensitive to edge effects from adjacent agricultural development, but that the nature 331 and magnitude of these effects may vary substantially amongst different types of agricultural edges 332 and how they are managed, as well as the broader level of habitat fragmentation/connectivity and 333 disturbance in surrounding landscapes. 334 Consistent with our third hypothesis, amphibian species richness in forest habitats declined as 335 proximity to the forest-plantation interface increased. Forest sites further from plantation edges tended 336 to have more arboreal species (e.g., M. sundana), and more litter-dwelling and direct-developing 337 species compared with sites closer to plantation edges (Table 1) . In forest habitats presence of 338 endemic species also declined with increasing proximity to forest-plantation edges (Fig. 2b) . 339
Disturbance-tolerant anuran species were present in forest habitats close to plantation edges but were 340 encountered much less frequently in forest areas further from the forest/plantation interface (Fig. 2b) . Consistent with our fourth hypothesis, we found that amphibian diversity was influenced to various 364 degrees by both structural habitat and landscape parameters. Our findings suggest that amphibian 365 species richness increased, and species composition changed with variability in canopy density. 366
Canopy density within forest habitats also tended to increase with distance from forest-plantation 367 edges, possibly suggesting lower levels of selective logging and other direct human disturbances 368 further from plantations and associated road networks. Human disturbance levels in tropical forests Table 1 for species abbreviations; and (c) direction and magnitude (vector length) of significant (P > 621 0.05) fitted environmental parameters overlaid into the ordination space, refer to Table 2 for 622 environmental parameter abbreviations. 623 
